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AIRWAY HYPERRESPONSIVENESS (AHR) in asthmatic subjects remains poorly understood, but may be coupled to a distinctly depressed response to deep inspiration (DI) compared with healthy subjects (4 -6, 15-17, 25, 37, 39) . What role does dynamic stretching of airway smooth muscle (ASM) play in modulating AHR? A preponderance of studies addressing this question examined the ASM in isolation (8, 23, 33, 43) and have shown that the contractile capability of an isolated tracheal ASM strip is largely attenuated by dynamic stretching. In particular, length oscillations assumed to be relevant in vivo reduce the isometric force and stiffness of the ASM exposed to agonist (8) . By implication, the inability to dynamically stretch the ASM in situ may result in a stiffer and more contractile ASM (7) . Substantial ASM re-lengthening also occurs when time-varying force oscillations are applied to tracheal ASM strips to mimic tidal breathing and DIs (23, 33) .
A gap exists in translating cellular level hypotheses from isolated ASM studies to actual AHR in vivo. Studies on isolated tracheal ASM strips alone may inherently neglect many interactions that occur at larger length scales and that can impact ASM contractility and resultant airway narrowing. In particular, the ASM in situ is embedded within the threedimensional organization of the extracellular matrix (ECM), which has unique nonlinear mechanical properties (13) . Also, the ASM is oriented nonuniformly within the airway wall (40) , and force transmission to/from the ASM cells is dependent on the mechanical connections between ASM cytoskeletal proteins and the ECM (45) . Thus it remains unknown how the responses to dynamic stretching measured at the ASM strip level may relate to changes in caliber of the intact airway. A few studies have tried to test these hypotheses at the whole lung level by examining how increases in ventilation parameters alter responsiveness (2, 38) . While it appears that responsiveness is attenuated with increased tidal volume, such studies cannot separate the role of increased static mean pressure from increased oscillatory volume amplitude. A few studies have examined the intact airway loaded with physiological transmural pressure (Ptm) (22, 32) , but often these studies are limited by measurement systems that cannot fully quantify airway wall mechanics of the intact airway (29) . A recent study suggests that DIs may have transient bronchodilatory effects (22) , but it remains unknown if the sustained effects of dynamic stretching seen at the ASM strip level occur in the intact airway.
The goal of this study was to isolate the role of dynamic Ptm oscillations on modulating intact airway responsiveness. We developed an integrated experiment system to deliver Ptm oscillations of physiological amplitudes to an intact airway, while imaging the airway directly. We employed novel ultrasound imaging techniques to advance the ability to accurately image the intact airway and quantify intact airway mechanics. The system provides real-time measurements of luminal radius and wall thickness over the full length of an intact airway during physiological Ptm fluctuations and induced constriction. We applied this system to measure changes in airway dimensions during two protocols that were designed to examine the effects of Ptm oscillations on airway responsiveness. Our results show that the presence of Ptm oscillations of physiological amplitudes (but without a concomitant increase in mean Ptm) minimally impacts airway responsiveness, and thus they motivate reexamining the role of physiological force fluctuations on modulating AHR in vivo.
METHODS
Intact airway segment preparation. Bovine lungs were obtained from a local slaughterhouse immediately after death and placed on ice (Research 87, Bolyston, MA). A bronchus of the right lung (generations 10 -17, ϳ35 mm long) was dissected free of parenchyma, and the side branches were ligated. The airway was cannulated at each end and mounted horizontally in a tissue bath containing gassed (95% O 2-5% CO2) and heated (37°C) Krebs solution (in mM: 121 NaCl; 5.4 KCl; 1.2 MgSO4; 25 NaHCO3; 5.0 sodium morpholinopropane sulphonic acid; 11.5 glucose; and 2.5 CaCl 2). The airway was stretched longitudinally (ϳ110 -120% of its resting length) and held fixed at its extended length for the entire experiment. The length was chosen to prevent airway bowing, ensuring that only radial dilation occurs when the airway is pressurized. Also, the applied elongation mimics airway lengthening during tidal breathing (18) . Tissue viability was then confirmed with both electric field stimulation (EFS) and acetylcholine (ACh; 10 Ϫ5 M), as previously described (18, 22) . Ptm oscillations. A pressure-controlled syringe pump was developed to deliver Ptm oscillations to the intact airway, based on previously described systems (22, 32) . The proximal cannula was mounted in series to a hydrostatic pressure column filled with Krebs solution, which also filled the airway lumen. The difference in fluid height between the horizontally mounted airway and the pressure column determined the intraluminal pressure (thus Ptm) experienced by the airway.
A custom computer-controlled syringe pump was used to oscillate the intraluminal pressure by cycling the height of Krebs solution in the pressure column. A stepper motor (US Digital) translated rotational motion to linear motion using a rack and pinion, which was coupled to a 50-ml syringe (Popper and Sons). A custom-designed graphical user interface based in LabVIEW communicated with the stepper motor controller (US Digital) using data-acquisition hardware (National Instruments). The syringe pump was calibrated to establish the linear relationship between syringe displacement and the change in height of Krebs solution in the column.
Ultrasound imaging. A portable ultrasound system (Terason 2000) , consisting of a high-frequency linear array transducer (10L5) and an external beamformer module, was used to visualize the intact airway. The hardware was connected directly to a personal computer running software that both controlled the imaging settings (focal depth, focal length, and gain) and acquired and stored the images in real time. The ultrasound transducer was mounted above the intact airway and partially submerged in the tissue bath. Using a three-directional micromanipulator, the transducer was positioned over the airway's longitudinal axis at its diameter. The airway was imaged with fixed ultrasound imaging settings (focal depth: 30 mm, focal length: 13 mm, gain: 0.2). Figure 1 shows an example of the longitudinal ultrasound images of the intact airway that were acquired as snapshots or videos at a predefined frame rate. The airway lumen and the two airway walls are visible for the whole airway length at its diameter.
Experiment protocols. Two protocols were tested. Protocol 1 was designed to examine the effects of Ptm tidal oscillations with and without periodic deep inspiratory efforts on net airway responsiveness to increasing bronchoconstrictor doses. Protocol 2 was designed to examine the effects of Ptm oscillations on dilation of preconstricted intact airways. Figure 2 shows schematics of the protocols.
In protocol 1, three Ptm loading conditions were tested. For the duration of each protocol, the airway was either 1) held statically (7.5 cmH 2O); 2) oscillated tidally (5-to 10-cmH2O sinusoidal at 0.2 Hz); or 3) oscillated tidally with periodic DIs [5-25 cmH2O every 6 min (3)]. The intact airway initially received two to three slow linear ramps in applied Ptm (0.5 cmH 2O/s) from Ϫ15 to 30 cmH2O to establish volume history and was then exposed to the chosen Ptm loading condition for 20 min before induced constriction. Cumulative ACh doses were then added every 12 min (10 Ϫ7 to 10 Ϫ3 M). ACh was added as a bolus into the tissue bath (200 ml) to reach the final bath concentration. After the final ACh dose, the agonist was washed out of the tissue bath, and the airway was allowed to recover to its relaxed state under a static pressure of 7.5 cmH 2O. Each airway received all three Ptm protocols in random order.
In protocol 2, constriction was induced with a single ACh dose (10 Ϫ5 M) under static Ptm (5.0 cmH2O). Following static constriction (15 min), sinusoidal Ptm oscillations (0.2 Hz) were applied to the airway, whose peak-to-peak amplitude was increased every 15 min (2.5, 5.0, and 10.0 cmH 2O). All oscillations were applied about the same mean Ptm (5.0 cmH2O), which mimics the conditions based on isolated ASM studies (8, 23, 33) and avoids any confounding impact of increasing mean Ptm occurring simultaneously during increased peak-to-peak fluctuations.
For both protocols, images were acquired every 20 s during static Ptm. During Ptm oscillations, videos (20 s at 8 frames/s) were acquired every 60 s. To establish volume history before each protocol, the airway was exposed to 2-3 slow linear ramps in applied Ptm (0.5 cmH 2O/sec) from Ϫ15 to 30 cmH2O. In a subset of experiments, Fig. 1 . Sample ultrasound image of an intact airway. The airway lumen and the two airway walls at the airway's diameter are visible. Also, one can see the cannula that the airway is mounted on, a ligated side branch, and an embedded length scale in centimeters. Fig. 2 . Schematic of experiment protocols. Top: in protocol 1, the intact airways were exposed to three different transmural pressure (Ptm) loading conditions [static, tidal breathing, and tidal breathing with deep inspiration (DI)] before and during cumulative acetylcholine (ACh) dosing. Bottom: in protocol 2, the intact airways were constricted under a static Ptm followed by Ptm oscillations of increasing peak-to-peak (p-p) amplitudes. In both protocols, the oscillatory frequency was 0.2 Hz (12 breaths/min). ultrasound videos (2 min at 2 frames/s) were acquired during the ramps to construct quasi-static radius-Ptm curves.
Image processing. We developed automated boundary detection software in MATLAB to determine the locations of the airway walls in each acquired image. The gray-scale images were converted to binary images using a threshold that was determined using Otsu's method (35) to optimally separate the airway wall tissue (binary 1) from the surrounding Krebs solution (binary 0) in the image. Small image artifacts that were not contiguous with the airway walls (i.e., air bubbles) were automatically removed using an area threshold filter. Further refinement was performed with morphometrical operations of dilation followed by erosion. The boundaries of the upper airway wall and airway lumen were determined as the pixel locations where the transition from binary 1 (wall) to binary 0 (Krebs solution) occur. The luminal diameter and wall thickness were measured in pixels for the full airway length between the cannulas. The luminal diameter and wall thickness were measured at least 3 mm medial to the cannula ends. The cannula ends were visible in the ultrasound images and were at least 4 mm from the groove in the cannula to which the airway was tied.
Measurements of luminal radius and wall thickness in mm. To obtain measurements of luminal radius and wall thickness in millimeters, we developed and validated a method that accounts for potential sources of error that can alter quantitative measurements from ultrasound imaging (24, 41, 44 ) (see APPENDIX). Briefly, a simple conversion from pixels to millimeters using the embedded length scale in ultrasound images may be inaccurate due to the speed of sound in tissue (c tiss in mm/s), the speed of sound in Krebs solution (ckreb in mm/s), and the ultrasound pulse width (pw in mm). By using our correction algorithm, the mean errors in measuring luminal radius and wall thickness were 1.6 and 3.1%, respectively.
Strain calculation. In each protocol, an ultrasound image of the intact airway was acquired in its un-deformed state (i.e., 0-cmH 2O Ptm and unconstricted). The luminal radius from this un-deformed image (r) and the luminal radii of all images R(t) were used to calculate the engineering strain ε(t) as follows: ε(t) ϭ [R(t) Ϫ r]/r. For each protocol in which the airway was exposed to sinusoidal Ptm oscillations, the corresponding oscillatory strain amplitude was calculated as {max[
Statistical analysis. All data are expressed as means Ϯ SE. The luminal radius and wall thickness are represented as the mean value along the whole airway length at the mean Ptm. For each protocol, the baseline luminal radius and wall thickness were reported in millimeters and then normalized to their baseline values. One-way repeatedmeasures ANOVA was used to determine the effect of the Ptm loading conditions on luminal radii for the same group of intact airways.
RESULTS

Protocol 1: Ptm oscillations on airway constriction dynamics.
To determine the effects of Ptm oscillations on airway responsiveness, airway constriction dynamics to cumulative ACh doses were measured during static and dynamic Ptm protocols. Figure 3 , left, shows processed ultrasound images of an intact airway held statically at 7.5 cmH 2 O after equilibration to each ACh dose (10 Ϫ7 to 10 Ϫ3 M). The mean luminal radius was virtually Fig. 3 . Left: representative processed images of an intact airway from protocol 1. The intact airway was held at 7.5-cmH2O Ptm statically during cumulative ACh dosing (10 Ϫ7 to 10 Ϫ3 M ACh). Our image analysis algorithm determined the airway wall boundaries (white), from which luminal radius and wall thickness were calculated for the full airway length. Right: representative traces of the dynamic response of an intact airway exposed to different Ptm loading conditions during cumulative ACh dosing. The luminal radius and wall thickness were represented as the mean value along the airway length at the mean Ptm of 7.5 cmH2O. For small ACh doses, the mean radius occasionally overshot its steady-state constricted radius. Also, at time points following DI (shown by arrows), the airway was often further constricted for small ACh doses but slightly dilated for larger ACh doses. The constriction dynamics followed smooth exponential decays for larger ACh doses, and the steady-state luminal radii were indistinguishable for the three Ptm loading conditions.
unchanged for the small ACh doses, but decreased to 20% of baseline at the final dose. The mean wall thickness increased to 348% of baseline. At the final dose, the airway appears almost completely collapsed at the distal end. Figure 3 , right, shows representative traces of luminal radius, wall thickness, and oscillatory strain amplitude for the same intact airway exposed to each of the three Ptm protocols. The luminal radius and wall thickness are represented as the mean value along the airway length at the mean Ptm of 7.5 cmH 2 O. Small ACh doses (10 Ϫ7 and 10 Ϫ6 M) resulted in initial transient constriction, followed by dilation back to a steady-state radius, which was only marginally smaller than the original radius, even though the ACh remained in the tissue bath (i.e., there was little or no net constriction at small ACh doses). These transient deviations occasionally occurred, regardless of Ptm protocol, although they were only observed for the tidal breathing with DI protocol in this example. We also observed that further constriction occurred at time points immediately following DI (every 6 min) for small ACh doses, while DIs became slightly bronchodilatory for large ACh doses. For large ACh doses (10 Ϫ5 M or larger), the overall dynamics of airway constriction followed a smooth exponential decay for all three Ptm protocols. When dynamic Ptm oscillations were imposed during the ACh dosing, the net steady-state airway constriction at any particular dose was almost identical as that which occurred when the airway was constricted under static Ptm. Figure 4 shows the cumulative dose-response curves for each of the three Ptm protocols (n ϭ 5 intact airways). At baseline, the mean luminal radius was 3.36 Ϯ 0.10 mm, and the mean wall thickness was 0.53 Ϯ 0.10 mm. Regardless of the breathing pattern, the Ptm oscillation protocols were ineffective in reducing the net level of constriction for any ACh dose, compared with the static control. There was no statistical significance between the luminal radii for the three Ptm protocols at any ACh dose (P ϭ 0.225-0.793). There was also no statistical significance between the wall thicknesses for the three Ptm protocols at any ACh dose (P ϭ 0.512-0.996). The bronchodilatory effects of DI were short-lived and did not result in sustained dilation when applied at a physiological time rate [once every 6 min (3)]. The dynamic Ptm protocols produced oscillatory strains of ϳ2.0 -2.5% amplitude during tidal breathing for small ACh doses and decreased for larger ACh doses. The oscillatory strain amplitudes were statistically significant compared with the static control at every dose, except the largest dose (P Յ 0.002). The decreased oscillatory strains at higher doses reflect an increasingly stiffer airway wall for the same Ptm oscillations.
To examine the extent of longitudinal heterogeneity in airway constriction at each ACh dose, Fig. 5 shows the luminal radius from the intact airway in Fig. 3 expressed over the full airway length after equilibration to each ACh dose (10 Ϫ7 -10 Ϫ3 M). Additionally, corresponding box plots at each dose show the mean, median, and quartiles of luminal radius. Constriction becomes increasingly heterogeneous for large ACh doses, with Fig. 4 . Dose-response curves (means and SEs) of the steady-state luminal radii, wall thicknesses, and strain amplitudes for the three Ptm loading conditions tested in protocol 1 (n ϭ 5 intact airways). Despite the presence of statistically significant oscillatory strains (*P Յ 0.002 for both dynamic Ptm protocols compared with static control), tidal breathing alone and tidal breathing with DI were ineffective in attenuating net constriction compared with static Ptm, regardless of the ACh dose. Oscillatory strain amplitude decreased with increasingly ACh dose, indicative of a stiffer airway wall. one end of the airway nearly closed (ϳ10% of the baseline radius) and the other end still at 40% of the baseline radius. Protocol 2: Ptm oscillations on statically constricted airways. To determine the dilatory effects of Ptm oscillations, Ptm oscillations of increasing amplitude were applied subsequent to constricting intact airways under static conditions (5.0-cmH 2 O Ptm) with a moderate ACh dose (10 Ϫ5 M). Figure 6 , left, shows processed ultrasound images of an intact airway at 5.0 cmH 2 O after equilibration to each Ptm oscillation amplitude. After static constriction, the airway remains virtually unchanged, regardless of oscillation amplitude. Figure 6 , right, shows the representative traces of the luminal radius, wall thickness, and oscillatory strain amplitude for the same intact airway. The luminal radius and wall thickness are represented as the mean value along the airway length at the mean Ptm of 5.0 cmH 2 O. The mean luminal radius decreased to 69% of baseline with static constriction. Upon commencement of dynamic Ptm oscillations, the luminal radius remained virtually identical to its statically constricted level, regardless of the oscillation amplitude. At the largest Ptm oscillation of 10 cmH 2 O peak to peak, the strain amplitudes were ϳ6%, and there was a modest recovery in luminal radius of ϳ3%. Figure 7 shows the mean luminal radius, wall thickness, and corresponding oscillatory strain amplitude for each Ptm peakto-peak amplitude (n ϭ 5 intact airways). At baseline, the mean luminal radius was 2.39 Ϯ 0.07 mm, and the mean wall thickness was 0.44 Ϯ 0.07 mm. The largest oscillations corresponding to 10 cmH 2 O peak to peak produced modest dilation of 4.3%, which was statistically significant compared with the statically constricted luminal radius (P ϭ 0.009). The wall thickness was not significantly different (P ϭ 0.199). The Ptm oscillations within the physiological tidal breathing range (Ptm peak to peak Յ5.0 cmH 2 O) did not result in a statistically significant bronchodilatory response compared with the statically constricted airway (P ϭ 0.429 and 0.490). However, all oscillatory strain amplitudes were statistically significant compared with the static control (P Յ 0.023).
To examine airway wall mechanical properties for the full range of physiological pressures, quasi-static curves of mean luminal radius vs. Ptm and mean wall thickness vs. Ptm were obtained via slow linear ramps in applied Ptm before and after protocol 2. A representative set of curves for a single intact airway are shown in Fig. 8 . At baseline, the airway's radiusPtm curve was nonlinear, with highly compliant regions (i.e., large slopes) for Ϫ5-to 5-cmH 2 O Ptm. At 10 cmH 2 O, the airway was almost fully dilated and became very stiff for larger pressures. Following constriction, the airway wall became stiffer, especially for Ϫ5-to 5-cmH 2 O Ptm. However, for Ptm Ͼ10 cmH 2 O, the airway continued to dilate slightly, and the hysteresis between the ascending and descending limbs increased. Airway wall thickness tended to scale with luminal radius (i.e., walls were thinner at a larger luminal radius). After constriction, the scaling appeared unchanged. Hence, wall thickness at a specific radius was the same, regardless of whether that radius occurred during baseline or constricted conditions.
DISCUSSION
In recent years, the research community has focused extensively on the role of the ASM in creating a hyperresponsive airway. In particular, studies on isolated tracheal ASM strips Fig. 6 . Left: representative processed images of an intact airway from protocol 2. The airway wall boundaries are shown in white, and each image corresponds to the mean Ptm of 5.0 cmH2O. The statically constricted intact airway was exposed to increasing amplitude Ptm oscillations, but remained unchanged. Right: representative traces of the constricted airway's response to Ptm oscillations. The luminal radius and wall thickness were represented as the mean value along the airway length at the mean Ptm of 5.0 cmH2O. The physiological Ptm oscillations (2.5 and 5.0 cmH2O p-p) were ineffective in dilating the airway, despite the presence of oscillatory strain. Modest bronchodilation occurred for the largest Ptm oscillation amplitude (10 cmH2O p-p). (8, 23, 33, 43) have shown that length/force fluctuations similar to those likely occurring during breathing can substantially impact ASM contractility. These studies conjecture that, solely by reducing length oscillations on a healthy intact airway, one can create AHR. Complexities of architecture and experimental access prevent one from explicitly testing these conjectures using currently available techniques in intact lungs. Since the proposed ASM mechanisms (7, 9, 10, 19, 42) are dependent on the ability to strain the ASM, they will necessarily be affected by the mechanical properties of the intact airway wall (see Fig.  8 ). Besides ASM properties, the airway wall mechanical properties would also be influenced by the amount and organization of the structural fibers of the ECM and their interactions with the ASM (45). Consequently, isolated ASM studies alone may not be sufficient to predict the role of physiological Ptm breathing fluctuations on the responsiveness of an intact airway. In this study, we developed an integrated system utilizing real-time ultrasound imaging to quantify mechanics of intact airways exposed to Ptm oscillations of physiologically relevant amplitudes. Our results show modest effects of Ptm oscillations on the ability to modulate airway responsiveness. While some of our data are consistent with the directions predicted from isolated ASM studies, the effects are likely not sufficient to significantly ablate the ability of an airway to hyperconstrict when its ASM is provoked.
There remains a significant gap to bridge the current cellular level hypotheses derived from isolated ASM studies to AHR in vivo. The intact airway preparation controlled via Ptm fluctuations provides a physiologically relevant in vitro environment in which airway responsiveness can be directly measured via changes in airway dimensions. We integrated ultrasound imaging techniques into a system that can control the Ptm of an intact airway. Ultrasound imaging provided a novel, real-time approach to visualize the airway lumen and airway walls for the full length of a single intact airway during Ptm oscillations and induced constriction. With simple automated image processing, the airway wall boundaries were detected for the full airway length, providing measurements of both the luminal radius and wall thickness throughout our experiment protocols. We validated this approach and have shown a mean measurement error of ϳ3% on tissue mimicking phantoms (see APPENDIX). Our integrated system is a significant improvement to current endoscopic approaches (22, 29, 32) in which the lumen is imaged at only a single location along the airway length, wall thickness cannot be measured, and the image processing is manual, user dependent, and time intensive.
Using data from isolated ASM strips and ASM cells, investigators hypothesized that, if imposed force fluctuations become too small, the ASM will stiffen due to decreased crossbridge cycling and/or a state of reduced cytoskeletal fluidization (19) . Eventually, the system collapses to a statically equilibrated state, where the ASM is "frozen", becoming so stiff that tidal breathing and DIs can no longer perturb actinmyosin cross bridges. On the other hand, when the ASM is Fig. 8 . Quasi-static radius-Ptm and thickness-Ptm curves before and after induced constriction (10 Ϫ5 M ACh). The luminal radius and wall thickness are represented as the mean value along the airway length. At baseline, the airway was very compliant for Ϫ5-to 5-cmH2O Ptm, but became stiff for larger Ptm. Following constriction, the luminal radius decreased for a given Ptm. Also, the compliant region became stiffer, and there was a slightly increased hysteresis. Airway wall thickness scaled with luminal radius (i.e., walls were thinner at a larger luminal radius). Physiological Ptm oscillations were ineffective in dilating the intact airways. Modest airway dilation (4.3%) occurred at the largest amplitude (#P ϭ 0.009 compared with static control). At baseline (B) and after static constriction (C), brief Ptm oscillations were delivered as a measure of airway wall stiffness. The corresponding oscillatory strains decreased following static constriction for the same amplitude oscillation (2.5 cmH2O p-p), implying a stiffer airway wall. Following static constriction, oscillatory strain amplitudes ranged from ϳ1 to 7% and were statistically significant (*P Յ 0.023 compared with zero oscillatory strain).
exposed to force fluctuations, ASM length corresponds to a dynamically equilibrated state that depends on the oscillation amplitude and frequency. This mechanism derived from altering dynamic features of breathing is unique and separate from solely altering the mean static load. A computational model at the level of the actin-myosin cross bridges showed that length oscillations applied about the ASM isometric length decrease the number of attached cross bridges (27) . At lengths longer or shorter than the statically equilibrated length (or "latched state"), myosin heads move away from preferred attachment sites on the actin filaments, resulting in increased detachment rates.
If the above mechanisms hold, the ASM in the intact airway for our protocol 1 would begin to establish latched cross bridges when the airway is held at a static Ptm. As ACh doses are progressively increased, the intact airway would transition to a highly constricted and stiff state. On the other hand, if Ptm oscillations are applied about the mean Ptm before and during ACh dosing, the oscillations would inhibit the airway from reaching a stiff, latched state, and the airway would be less constricted, even at the highest ACh dose. In short, from isolated ASM studies, one would have predicted that the cumulative dose-response curves would show large differences in airway responsiveness between static and dynamic Ptm protocols, showing that Ptm oscillations alone could largely impact intact airway function. However, our results showed that, in intact airways, Ptm oscillations consistent with physiological amplitudes were largely ineffective in reducing the net level of constriction for any ACh dose, compared with the static mean Ptm control (see Fig. 4) .
Tracheal ASM strip studies (23, 33) have attempted to mimic the auxotonic loads experienced by the ASM in vivo [i.e., the transpulmonary pressure (Ptp)] by mimicking passive airway wall properties and parenchymal tethering forces (20, 21) . In these studies, substantial ASM relengthening occurred when auxotonic loads were applied about a mean Ptp and with amplitudes that should mimic those experienced during tidal breathing. We designed protocol 2 in an analogous manner to the ASM strip study (23) to examine if these phenomena occur in the intact airway. We found minimal to no impact of physiological Ptm oscillations on the ability to redilate a statically constricted intact airway (see Fig. 7 ). In our intact airway study and in the ASM strip study, the same bronchoconstrictor was used (ACh), the doses were similar (10 Ϫ5 M vs. 10 Ϫ4 M), and the delivery method was the same (mixed into the tissue bath). This produced similar levels of induced constriction (62% baseline radius vs. 57% baseline length). Also, both studies were designed to explicitly test the mechanism of dynamically equilibrated ASM. That is, pressure oscillations were applied about a mean pressure. Of course, during normal breathing patterns, the mean pressure and the amplitude increase in tandem. Our protocol eliminated the confounding effects of airway dilation due to increased mean static load instead of increased oscillation amplitude.
It is uncertain how the uniaxial loading conditions in ASM strips relate to the true loads experienced by the ASM in situ embedded within the three-dimensional airway wall. The virtual loading conditions applied to ASM strips are based on static airway wall models but are used to study the effects of a dynamic loading environment on ASM contractility. They also inherently ignore several potentially important features, including the nonlinear viscoelastic properties of the passive airway wall structures, mechanical coupling between the ASM and ECM, buckling of the epithelial basement membrane, and circumferential as well as radial stress distribution in the airway wall. Furthermore, the ASM strip is dissected from the trachea, while our intact airways are dissected from generation 10 and below of the airway tree. In the trachea, the ASM fibers are preferentially oriented in the circumferential direction, while the ASM in airway spirals at 10 -20°angles from the circumferential direction (40) . Also, the relative content of tracheal ASM is ϳ25-35% cross-sectional area in the tracheal strip (34) , while the bronchial ASM is only ϳ5-9% of the airway wall area (12, 34) .
From ASM cell culture (1), it has been shown that ASM cell behavior depends highly on the ECM substrate composition and stiffness. Thus the larger ECM content in the intact airway may directly alter the ASM response to agonist and mechanical stretch. Also, from computational modeling (14) , it has been shown that the dynamic mechanical properties of the constricted ASM can vastly differ, depending on the relative content of ASM to ECM. Differences in the mechanical properties between intact airways and isolated tracheal ASM may result in differences in the ability to strain the ASM cells and thus the functional response to dynamic stretching. Figure 7 shows that the oscillatory strains from Ptm oscillations are on the same order of magnitude as the uniaxial strains delivered to tracheal ASM strips (8, 23) . However, the oscillatory strain amplitude measured in our intact airways does not necessarily correspond to ASM cell strain. Simply as a result of the intact airway's cylindrical geometry, the oscillatory strain at the ASM layer will be smaller than the measured luminal strain, assuming conservation of wall area holds. If the ASM becomes uncoupled from the other wall structures (28) , ASM strain could be even further reduced. Also, the luminal oscillatory strain is dependent on the mechanical properties on the airway wall, which are dependent on the mean Ptm, the Ptm amplitude, and the active level of constriction (see Figs. 4, 7, and 8) . This raises the following question: Is it possible that, during constriction, physiological Ptm oscillations do not provide the necessary ASM cell strain in intact airways to invoke the aforementioned ASM cellular mechanisms?
It is difficult to compare our results to previous intact airway studies. The majority of previous intact airway studies were performed under volume-controlled conditions (11-13, 26, 30, 31) , where the effects of luminal volume oscillations were measured as a change in luminal pressure (termed "active pressure"). It remains unclear how changes in active pressure relate to changes in airway caliber. To our knowledge, there is only one study in intact airways that has measured the impact of physiological Ptm fluctuations on the functional response measured as airway luminal radius (22) . Using an endoscopic approach, our laboratory recently showed, in collaboration with Howard Mitchell's group (22) , that DIs applied to intact airways result in transient bronchodilation, with reconstriction to the pre-DI luminal diameter occurring as an exponential decay with a time constant of ϳ30 s. Although this transient response is consistent with in vivo data showing bronchodilatory effects of DI measured via airway resistance (Raw) (4, 15) , it does not imply that sustained dilation will occur in an intact airway exposed to sustained physiological Ptm oscillations.
It is also important to reconcile our intact airway data with airway responsiveness in vivo. Animal studies have examined the effects of ventilation on Raw during bronchial challenge (2, 38) . During mechanical ventilation, tidal volume amplitude, frequency, and positive end-expiratory pressure (PEEP) can be controlled. Animals held at a larger PEEP but without tidal ventilation have reduced Raw following challenge (2) , but this may simply be due to increased mean Ptp and would be distinct from the dynamic mechanism we tested. Additionally, animals ventilated with larger tidal volumes at a fixed PEEP have reduced airway responsiveness (38) , but one cannot distinguish the static response (increase in mean Ptp) from the dynamic response (increase in oscillation amplitude). Also, one cannot clearly distinguish changes in airway caliber from airway recruitment/de-recruitment in Raw measurements. To our knowledge, it has yet to be shown in vivo how the dynamics of breathing can alter airway responsiveness distinct of any impact of the requisite increase in mean Ptp . Our data in isolated airways cast doubt on the importance of dynamics alone.
In conclusion, our study represents a necessary step to bridge the gap between ASM cellular level hypotheses and airway responsiveness in vivo. Our system allows us to ask: If one applies Ptm oscillations to the intact airway, what would be the impact on modulating airway caliber? The ineffectiveness of Ptm oscillations with physiologically relevant amplitudes to modulate responsiveness in our intact airways implies that the cellular level hypotheses may not be those that are dominant to control the extent to which an airway constricts. Although the testing of potential mechanisms is outside the scope of this paper, we conjecture that the unique geometry and structure of the intact airway wall provides a unique mechanical environment that may attenuate the aforementioned ASM cellular mechanisms.
APPENDIX
Quantitative measurements in ultrasound imaging. The ultrasound imaging system reconstructs ultrasound images from the time information contained in sending and receiving pulse echoes (41) . Depth in the ultrasound image (z: mm) depends on the speed of sound (c: mm/s), the imaging parameter ⌬t (s/pixel), and the number of pixels (n), as follows:
Using this simple relationship, ultrasound images have embedded length scales with which quantitative measurements can be made. However, two potential sources of error exist in using this relationship for anatomic measurements of ultrasound images: the speed of sound and the ultrasound pulse width (24, 44) .
First, the measured distance through a material will be inaccurate if the true speed of sound (c true) differs from the fixed value embedded in the ultrasound system (c ϭ 1.54 mm/s). The measurement error will be:
Second, at an infinitesimally thin interface between two surfaces (i.e., the airway wall and Krebs solution), the measured pulse echo will have a finite pw (mm), because the edge is much thinner than the resolution of the transducer. Each interface is thus described as having a leading edge (start of the pulse) and a trailing edge (end of the pulse). To measure the true distance between anatomic locations in an ultrasound image, one must be able to detect and measure the distance between the leading edges of the corresponding pulse echoes. This is difficult in inhomogeneous materials (i.e., airway wall tissue), where multiple scattering within the material will cause the pulse echoes to merge together. In our algorithm to analyze ultrasound images of intact airways, we can easily detect the leading edge entering the first airway wall, the trailing edge leaving the first airway wall, and the leading edge entering the second airway wall. Because we cannot detect the leading edge leaving the first airway wall, our algorithm would overestimate the wall thickness and underestimate the luminal diameter by a constant value that corresponds to the pw.
Approach to measure luminal radius and wall thickness from ultrasound imaging. From the above sources of error, the wall thickness (h; mm) will depend on the speed of sound in soft tissue (ctiss; mm/s) and the pw (mm):
Similarly, the luminal radius (r; mm) will depend on the speed of sound in Krebs solution (ckreb; mm/s) and the pw:
In the above equations, ⌬t is calculated directly from Eq. 1 using the embedded length scale [z cal (mm) and ncal (pixels)] in the ultrasound image and the embedded speed of sound.
To implement this algorithm, we developed experiments to estimate the three unknown parameters: ctiss, ckreb, and pw. Tissuemimicking material was cut into five tissue phantoms of known thicknesses (1.00 -3.00 mm) using a vibrating microtome (Campden Instruments 752M, 10-m thickness step size). The ultrasound properties of the tissue phantoms mimic those of soft tissue. The tissue phantoms were submerged in heated Krebs solution and imaged using the same ultrasound imaging settings as those used for the intact airways (focal depth: 30 mm, focal length: 13 mm, gain: 0.2). Constant imaging settings are required to prevent extraneous sources of error (36) . To determine ctiss, the images were processed with our image analysis algorithm (see METHODS for details), and the number of pixels from leading edge to leading edge was measured. A linear regression of Eq. 1 was performed (r 2 ϭ 0.99). The pw was measured directly from the images (number of pixels from leading edge to trailing edge) and was converted to millimeters using c tiss. Lastly, the parameter ckreb was determined by placing the tissue phantoms in Krebs solution at 13 known distances from the transducer and performing a linear regression of Eq. 1.
The measured parameters were as follows: ctiss ϭ 1.35 mm/s, ckreb ϭ 1.54 mm/s, and pw ϭ 0.64 mm. Using this approach, the error in measuring the wall thicknesses of the tissue phantoms reduced from 994 Ϯ 162 m (54.8 Ϯ 16.2%) to 64.8 Ϯ 46.8 m (3.2 Ϯ 2.1%) when uncorrected and corrected, respectively.
Independent validation of measurement approach. We tested our algorithm on three airway phantoms constructed from tissuemimicking material with known wall thicknesses and luminal radii. For the wall thickness measurement, the mean error reduced from 984 m (60.0%) to 47.2 m (3.1%) when uncorrected and corrected, respectively. For the luminal radius measurement, the mean error reduced from 345 m (20.9%) to 25.1 m (1.6%) when uncorrected and corrected, respectively. These corrected values are well below the theoretical resolution of the 10-MHz ultrasound transducer (ϳ300 m).
Limitations. Our correction algorithm utilized tissue-mimicking phantoms of known thicknesses to determine the parameters ctiss and pw, and we applied these parameters as an approximation to true airway wall tissue. In our experiments, the airway wall thicknesses were not known independently of the ultrasound image measurements, so the speed of sound through airway tissue could not be determined independently. We anticipate that the effect of this approximation is a small percentage compared with the greater benefits of correcting the data for the effects outlined above.
Also, as a consequence of our correction algorithm, we are limited to detecting luminal radii Ͼ0.32 mm (1/2 of the pw). That is, in cases where the airway lumen appears completely closed in the ultrasound image, the radius is actually equal to that of one-half pw. This is consistent with our observations that, when the distal cannula is opened, fluid can slowly flow through an airway that appears completely closed in the real-time image. An airway of such a small constricted radius has often been referred to as "functionally closed" because of its exceedingly high resistance to flow.
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